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ABSTRACT
A study was made of the morphology and infection by bacterio­
phage C0L which is virulent for the spore-former B. cereus T. It 
was found that the susceptibility of B. cereus T to bacteriophage 
infection varied with the physiological state of the organism. 
Infection occurred only during the vegetative and early sporulation 
cycle of the spore-former. If the bacteriophage was mixed with 
13. cereus T cells at the pre-spore stage, phage multiplication was 
suppressed but the phage genome was carried into the spores. This 
was shown by subjecting the bacterial spores to heat treatment at 
65 C for 15 minutes and then plating the spores on a lawn of phage 
susceptible cells. Extracts of non-infected pre-spores contained a 
factor which possessed the ability to inhibit the development of 
phage in susceptible cells. Cellular extracts were prepared from 
synchronously growing cells of B. cereus T by sonicating the cells 
and dialyzing the supernatant after removal of the cell debris and. 
unbroken cells by centrifugation. The extract lost its inhibitory 
properties on subjecting it to a heat treatment of 100 C for 10 
minutes.
14-Studies on the incorporation of radioactive phenylalanine-C
32and P -phosphate during phage infection in the presence of the 
factor reveal that it inhibits specifically the synthesis of nucleic 
acid but allows the progress of protein synthesis. The factor 
exhibits the properties of a protein by its loss of activity to 
proteolytic enzymes and susceptibility to heat treatment.
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INTRODUCTION
Investigations in virology may be conveniently divided into 
two broad and overlapping categories. First we have the study of 
viruses as causative agents of disease and secondly the use of 
viruses as a tool for genetic and biochemical studies. Since the 
independent discovery of the bacteriophage by Twort in 1915 and 
d'Herelle in 1917> our knowledge of bacterial viruses has pro- 
-gressed at a rapid pace. This is due in part to the basic nature 
or makeup of the bacteriophage which affords a model system for 
the study of protein and nucleic acid synthesis. Shortly after 
the publication by d'Herelle of an agent which would attack and 
destroy bacteria a new phase in the science of virology occurred.
As a result of diversified experiments, many controversies ensued. 
One of the most controversial issues was the phenomenon of lysogeny.
Soon after the discovery of the bacteriophage it was noted by 
Bordet and Ciuca in 1921 that certain lysogenic strains of bacteria 
acted as carriers for the bacteriophage and that the culture 
medium contained free bacteriophage. Burnet and McKie (1959) 
'described a lysogenic strain of Bacillus enteritidis Gaertner.
From their investigation they arrived at the conclusion that cer­
tain bacteria of a permanently lysogenic nature contained in their 
genetic makeup a unit which possessed the capacity to liberate 
bacteriophage. Northrop (1938) realizing that both phage and 
enzymes were basically protein made a comparative study of a lyso­
genic strain of Bacillus megaterium and gelatinase. He observed
"that the kinetics of bacteriophage production and that of 
gelatinase were quite similar. He interpreted his results to 
mean that bacteriophage production, like enzyme production, had 
occurred during the normal development of the bacterial cell.
Lwoff and Gutmann (1950) introduced the term probacteriophage or 
prophage and defined it as a non-infective structure found within 
the cell of all lysogenic bacteria. They were able to demonstrate 
that a lysogenic bacterium can give rise to infective bacterio­
phage but further showed that only a small proportion of the 
lysogenic cells of any population gave rise to infective viral 
particles. Wollman and Jacob (195^ ) were able to show that at 
least one particular prophage, \  , had a specific site of attach­
ment on the bacterial chromosome and later showed that each prophage 
had its own specific site of attachment on the chromosome.
A phenomenon which is closely related to lysogeny and often 
times simulates it is that of pseudo-lysogeny. Until the present 
time, there have been two basic types of pseudo-lysogeny described 
in the literature. The first of these is characterized by the 
fact that sensitive bacteria are unable to adsorb virulent bac­
teriophage to their cell surface. Koibong, Barksdale and Garmise
(l96l) infected Shigella dysenteriae with phage and described 
an enzyme released from lysed bacterial cells in the culture which 
would destroy or selectively remove the phage receptor sites from 
the remaining uninfected bacteria. This condition could be 
relieved by the dilution of the cells into fresh culture medium.
It "was also demonstrated by Dettori et al. (1961) that when 
male strains of Escherichia coli K-12 are infected with male-specific 
RNA. phage a certain type of natural resistance may develop due to 
the temporary loss of the male antigen which is necessary for phage 
adsorption.
The second type of pseudo-lysogeny is quite distinct from the 
above in that it is not associated with the inability of the cell to 
adsorb phage. In this process phage is propagated for many genera­
tions in the cell it infects. Upon division of these cells, some 
will be lysed while other daughter cells will be uninfected. A 
proposed mechanism for this type of response to phage infection is 
that there is partial immunity in the infected bacterium. This 
jresults in_only a certain proportion of the cells being lysed. This 
kind of pseudo-lysogeny has been reported by Fraser (1957) in
E. coli B with phage T^  and in Salmonella with a mutant of phage P ^
by Zinder (1958). Both types of pseudo-lysogeny described have in 
common the fact that free phage particles exist in the culture medium 
which permits the isolation of phage-free clones by the addition of
antiserum to the medium. This is in sharp contrast to lysogenic
cells which are not affected by such treatment. It has been observed 
in our laboratory and reported by McCloy (1953> 1958) that in certain 
cases phage determinants are incorporated into bacterial spores and 
are liberated upon germination of the spore. This phenomenon does 
not possess the characteristics of true lysogeny. Goldberg and 
Gollakota (i960) were able to isolate a bacteriophage from large
bbatehes of B. cereus T grown in glucose-yeast extract-salts medium. 
They observed that there was a relationship between the time of 
addition of phage and the time of mass lysis of the culture. If a 
10$ transfer of an actively growing culture of B, cereus T was added 
to new medium and phage was added at the time of this transfer 
(0 time) then the following observations were obtained (Table l).
Table 1. Effect of Time of Addition of Phage on Time Required for 
Lysis
Time of Addition 
(Hours)
Interval Required for 
Complete Lysis (Hours)
0 8 hours
2 7 hours 30'
2 1/2 7 hours
b 3 hours 30'
6 3 hours 15'
If phage was added at 7 hours or later but prior to the appear­
ance of structures associated with sporulation, there was very little 
lysis and spores were produced. It was found that these spores 
contained phage which were released upon germination. Yehle and Doi
(1966) showed that B. subtilis was able to sporulate despite 
infection by a lytic bacteriophage. Their experiments indicated 
that if cells were infected with phage 2 to 5 hours after the 
beginning of sporulation very little lysis occurred. They further 
demonstrated that upon germination about 90i of the spores contained 
phage material. They concluded that at least a part of the genome 
of the phage was carried by the spore.
It is proposed that the carrying of phage determinants be 
classified under the general term pseudo-lysogeny. This type of 
pseudo-lysogeny has been observed in several laboratories but its 
mechanism is still not well defined. Several possibilities for this 
type of phenomenon exist. The bacterial cell at the time of sporu­
lation may cease to synthesize materials needed for phage development 
and consequently inhibit a vital process such as DNA, RNA, or 
protein synthesis. Another possibility is that the bacterial cell 
may produce a substance which is inhibitory to phage development.
It is the purpose of this investigation to gain some insight into 
these questions.
REVIEW OF LITERATURE
Bacterial viruses possess a well-defined pattern of existence. 
However, being an obligate parasite, the phage possesses a cycle 
that is somewhat different from other organisms. The virus is 
completely dependent upon a bacterial host cell for survival. This 
necessitates physical contact between phage and host which results 
in the adsorption of the phage. This interaction between host cell 
and phage is quite specific, as evidenced by the fact that a par­
ticular phage will attach to certain bacterial strains and not to 
others. Williams and Fraser (1956) demonstrated quite convincingly 
that at least a part of the specificity resided in the tail fibers 
of the phage. They accomplished this by using fibers from T_even 
phages which would adsorb with the same specificity as the whole 
phage. It was further observed by Weibull (1953) and Zinder and 
Arndt (1956) that purified cell wall material would permit the 
attachment of phage. They also found that bacterial protoplasts 
would not permit phage adsorption but would support the growth of 
phage if infected before the removal of the cell wall. Another 
factor'which certainly affects the adsorption of phage is the pre­
sence of certain cations in the environment. Those chiefly involved 
are magnesium and calcium. There is also evidence that L-tryptophan 
is needed for adsorption of certain T_even phages (Brenner et al., 
1962). They postulated that this amino acid acted by releasing the 
tail fibers from the sheath so that they are able to interact at the 
surface of the bacterial cell.
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Adsorption of phage to the cell surface is followed by pene­
tration. This is accomplished by contraction of the phage sheath 
and treatment of the cell surface with lysozyme which .enables the 
phage DNA to pass into the cell. It has been conclusively shown by 
radiochemical experiments (Hershey and Chase, 1952) that only DNA 
enters the cell while most phage coat protein is excluded. At the 
time of the passage of DNA, it has been observed (Ames and Dublin, 
i960) that there exists certain polyamines in association with the 
DNA. These workers propose that the polyamines serve to neutralize 
a portion of the negative phosphate groups of the DNA.
In 1939 Ellis and Delbruck elucidated the kinetics of phage 
multiplication. Their experiment, the one-step growth curve, is a 
classical one and has become the foundation of our present knwoledge 
of phage kinetics. They infected cells with bacteriophage and 
after a short time-interval diluted this mixture greatly in order to 
prevent reinfection of nonlysed cells by progeny phage. Using 
plating techniques they then assayed for phage. They noted that for 
the first 25 minutes the phage titer was constant but soon thereafter 
a large increase in the amount of phage was seen. The titer rose 
100 fold then leveled. This increase in the number of plaque 
forming units was shown to result from the burst of susceptible 
cells into the surrounding medium and not due to phage contained 
inside a cell since an infected cell before lysis would yield only 
one plaque. Doermann (.1953) prematurely lysed infected cells and 
found that during the first 12 minutes after phage infection there
no infective particles present. This period is termed the eclipse. 
After this time he noted a rapid rise in the number of mature phage 
particles per cell.
The events which take place between adsorption and the produc­
tion of mature phage at the end of the eclipse period have been 
described but little has been said as to how this was accomplished.
In 19^7 Cohen studied the synthesis of DNA, RNA, and protein in cells 
which were infected with T^ phage. He observed that soon after cells 
were infected, DNA synthesis ceased, but after a short period of 
time began again at a much faster rate than in the pre-infected cell. 
An important factor in proving that this new DNA synthesis was phage 
DNA came about'through the discovery (Wyatt and Cohen, 1953) that 
the DNA of T-even phages contained 5-hydroxymethylcytosine instead 
of cytosine which is found in E. coli DNA. At the same time it was 
also observed that protein which had increased logarithmically 
before infection now increased linearly. The function of these 
early proteins was not known since none of it ended up in the mature 
phage particle. Benzer (1953) discovered that the bacterial enzyme 
system needed for protein synthesis ceased to function after phage 
infection.
Crick (1958) established the fact that the specific amino acid 
sequence of a protein was initiated by a specific RNA template.
This template had its message transcribed on it from a particular
32region of the DNA molecule. In 1957 Astrachan showed that some P 
was definitely incorporated into RNA of the bacterial cell and that 
the base composition of the RNA was quite similar to that of the
infecting phage DNA. It -was therefore thought that the RNA -which 
had been newly synthesized after phage infection was a carrier of 
the genetic information. Nomura, Hall and Spiegelman (i960) were 
able to show that this newly synthesized RNA could be extracted 
from the ribosomes. It was further shown (Brenner, Jacob and 
Meselson, 196l) that this new phage specific RNA entered the cellu­
lar ribosomes and no new ribosomes were made. They proposed the 
idea that the ribosome can serve as the site for synthesis for any 
protein if it is given the proper information. Jacob and Monod
(1961) termed this RNA which carried the necessary information to 
the ribosome messenger RNA. They concluded that a necessary charac­
teristic of this RNA would be that it was unstable. Indeed this was 
found to be the case in experiments conducted by Levinthal et al.
(1962) who showed that the radioactive label in messenger RNA was 
short lived. It had a mean decay time of about 2 minutes. This 
accounts for the fact that little messenger RNA can be detected even 
during periods of active protein synthesis. Hurwitz et al. (1961) 
demonstrated that the base composition of the messenger RNA was 
identical to that of the DNA primer which had directed its formation. 
From this type of evidence it appears that both strands of the DNA 
molecule could serve as the template for messenger production. If 
this were true then two distinct proteins could be synthesized at 
the same time. Studies with the T^  phage (Champe and Benzer, 1962) 
indicated that if two different messages are produced then only one 
of these two was active. Messenger RNA synthesized in vivo from T^ 
was shown by Bautz and Hall (1963) Bo Be different from T^ DNA in
10
•that the amount of guanine is significantly higher than cytosine.
From this experiment it was concluded that in vivo only one strand 
of the D M  is used in transcription. Contrary to the in vivo studies, 
experiments which were performed in vitro gave the opposite view. 
Geiduschek et al. (1962) have presented evidence that in vitro 
messenger RNA can be primed by both strands of the DM.
Mention has already been made of the production of early 
proteins by phage infected cells, but little was said as to their 
basic nature. Burton (1955) conducted experiments to determine what 
role these early proteins played in the development of mature phage 
if indeed they played any role at all. He noticed that if a known 
protein synthesis inhibitor such as chloramphenicol was added to 
infected cells at the middle of the latent period then phage protein 
synthesis was repressed while DNA synthesis was not affected. If 
the inhibitor was added before phage infection or up to a period of 
approximately 5 minutes after infection then both protein and D M  
synthesis was stopped. He concluded from these observations that 
phage DNA synthesis is in some way dependent upon early protein syn­
thesis. These proteins have been shown to arise de novo in the 
infected cell (Kellenberger, 1961). Tenqoerate phages such as \  ,
as well as lytic phages, are known to have these proteins which are 
synthesized very early after infection of the cell.
The process of maturation, the next step in the life cycle of 
the bacteriophage, is one about which little or nothing is really 
known. The assumption is made that the mature phage results from 
pools of DNA and protein. This would indicate then that the parts
of the phage are synthesized separately and then put together to 
give the mature particle. The question arises how these substances 
combine to give the complete phage and how the DNA which is a large 
molecule is incorporated within the protein coat. Kellenberger
(l96l) prepared ultrathin sections of phage T^ taken at different 
times after infection and used electron microscopy to follow the 
intracellular development of the phage. He observed that at the 
time phage DNA is synthesized large vacuolated areas containing a 
material of low electron density appeared. After a short period of 
time however, these areas become very dense and are greatly reduced 
in size. He postulates that these dense bodies contain phage DNA of 
low water content and that each of these bodies constitutes a phage 
genome. It was further shown (Kellenberger et al., 1959) that if
chloramphenicol were added during phage DNA synthesis then this 
synthesis continued but the DNA was spread throughout the cell and 
failed to aggregate into compact structures. From this line of 
investigation, it appears that the condensation of the DNA is in 
some way dependent upon protein synthesis. It is thought that the 
mechanism for the reduction in size of DNA is one of condensation. 
This condensation arises through the formation of cross-linkages of 
the DNA. It is possible that internal phage protein may serve as 
the structural foundation for the condensed DNA. Immediately follow­
ing, the phage protein coat is put into place around the DNA to 
give the mature infective particle.
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Because of the fact that the T-even phages produce lysozyme 
■which enables them to penetrate the host, and because it was noted 
by Delbruck (19^0) that a high multiplicity of infection gave lysis 
from"without, the idea of a lytic enzyme for phage release seemed 
reasonable. Indeed, there is very strong evidence for the presence 
of such an enzyme. In the case of E. coli K-12, which is lysogenic 
for phage, /\ , the lytic cycle may be induced by irradiation and 
progeny phage are produced. There are certain prophage which 
after induction with UV undergo lysis and produce a factor in the 
medium which will lyse E. coli cells. Jacob and Fuerst (1958) have 
reported another defective mutant which after UV treatment does not 
produce lysis. No lytic factor can be found in these dead bacteria. 
Streisinger et al. (l96l) have obtained mutants of T^  phage in 
which the cistron which controls lysozyme formation has been 
damaged. These mutants are able to multiply within the host cell 
but are unable to lyse it. It has further been shown (Doermann,
19^ -8) and subsequently by Stent and Maal^e (1953) that superinfection 
can also cause lysis inhibition. It is proposed that superinfection 
through some unknown mechanism delays the destruction of the cell 
wall by lysozyme.
The various stages of development in the life cycle of virulent 
or lytic phages have been described. The lytic system serves as a 
model for the study of the various mechanisms which are in operation 
prior to the emergence of free phage particles. There is, however, 
an alternate type of existence for certain phage. In this second 
situation, the genetic material which is necessary for phage
production is integrated into the genome of the host cell. Upon 
reproduction of the host cell, this information is carried so that 
the daughter cells now have the potentialities for phage production.
A bacterium of this type which is a carrier of phage material is 
said to be lysogenic and the phage is described as temperate.
Bertani (1953) has described two characteristics which are necessary 
"for a’bacterium to be truly lysogenic. First, they have the capability 
of producing and releasing phage and pass this capability as a stable 
genetic trait and secondly they have immunity to lysis by identical 
or similar phage. It is an important point to note that a bacterium 
may be lysogenic for more than one phage at the same time. Roundtree 
(19^ 9) described a strain of Staphylococcus which was able to carry 
the genome of five different phages. The very nature of the lyso­
genic bacterium makes its detection very difficult. Since the phage 
determinants are actually incorporated into the genome of the cell, 
the chances of recognition of this fact are small and depend entirely 
upon the selection of a suitable indicator strain. However, there 
are several methods which can be employed to detect lysogeny'. Bertani 
(l95l) employed an indicator strain of bacteria which was strepto­
mycin resistant while the suspected lysogenic strain was susceptible 
to the antibiotic. He plated these two together on agar which 
contained the drug and was able to detect plaque formation. Another 
method for obtaining the free phage from a lysogenic culture is by 
treating the cells with chloroform which kills the bacteria but is 
not harmful to the phage. The phage can then be-assayed by plating 
with a suitable indicator strain.
The stable nature of the lysogenic state has been described, 
yet in the culture medium of lysogenic bacteria free phage is 
invariably found. There are two reasonable explanations for this 
fact. First, it might well be that all bacteria contain infectious 
particles which diffuse into the environment, or, secondly the 
relationship which exists between prophage and bacterium is a deli­
cate one and it may break down in a small proportion of the population
to produce lysis. It was shown (Burnet and McKie, 1929) that
lysogenic bacteria do not contain infectious particles. This would
indicate then that the second explanation is the more reasonable 
one. Indeed, it was shown finally (Lwoff and Gutman, 1950) by using 
single cells and studying their daughter cells that only a very small 
proportion of the population underwent lysis. They demonstrated 
that approximately 20 generations passed before they could detect 
even one phage particle. Lwoff et al. (1950) were able to increase 
greatly the number of phage particles produced in a lysogenic culture 
of B. megaterium by subjecting it to low doses of ultraviolet 
irradiation. They further observed that the culture medium had a 
pronounced effect upon lysis induction. Rich medium supported lysis 
while minimal medium did not. It was postulated (Jacob and Wollman, 
1953) that the induction of lysis by ultraviolet or other agents 
represented a transition of the prophage to the vegetative state.
This transition results in lysis of the host cell. In general, 
certain but not all phage are inducible through the action of certain 
chemical or physical agents.
The type of relationship -which exists between the prophage and 
bacterium is an interesting one. One possibility- is that the virus 
genome is not connected to the bacterial DNA and multiplies autono­
mously in the cytoplasm. If this were the case, the phage would 
reproduce independently of the host cell. Contrary to this idea, 
an alternative exists whereby the DNA of the phage is actually 
integrated onto the chromosome of the cell. The answer to this 
question was provided (Lederberg and Lederberg, 1953) through studies 
of genetic crosses between strains of E. coli K-12, one of which
scored using lysogeny as the genetic determinant. It was envisioned 
that the character for lysogeny was closely situated to a particular 
locus of the alleles governing galactose fermentation. From this 
it appeared that certain regions on the bacterial chromosome which 
were closely associated governed lysogeny and galactose fermentation. 
It was not known, however, whether these regions represented a 
bacterial gene which controlled or regulated the prophage or whether 
this was actually the prophage. Appleyard (195^ ) conducted investi­
gations to solve this problem. He used parent cells which were lyso-
recombinants had prophage closely linked to the galactose region of 
the parental alleles. Conclusive proof that the prophage itself was 
integrated into the bacterial chromosome came with the discovery that 
certain strains of E. coli termed Hfr could transfer their genetic 
material to female acceptor strains. Using the technique of
was lysogenic for phage, > and the other not. The progeny was
genized by a different mutant of phage and found that the
interrupted mating the actual mapping of a bacterial chromosome
to determine whether or not each prophage had a specific site of 
attachment on the bacterial chromosome thereby providing further 
proof that it was the actual prophage which was integrated and not 
a gene governing prophage. Indeed, after examining a number of 
temperate phages, they concluded that each prophage had its own 
particular region or locus on the chrorcosone. Further they were
the locus responsible for galactose fermentation.
In the preceeding discussion repeated mention has been made of 
integration of the prophage onto the bacterial genome. The question 
arises as to what is actually meant by integration in this sense. 
"What exactly is the nature of this interrelationship between phage 
and host genome? One possibility is that the phage DNA is actually 
paired along side a homologous portion of the bacterial chromosome 
and there is a constant state of interaction between the two. This 
type of arrangement was initially described as the attachment 
hypothesis. Another proposal is the insertion hypothesis in which 
the phage genome and bacterial chromosome undergo some sort of 
recombination so that they are indistinguishable from each other. 
There are two ways in which insertion would be possible. The first 
would involve a loss in a segment of bacterial genome replaced by 
phage DNA. This mode of insertion is termed substitution. A second 
possibility is that of addition whereby the phage genome is 
incorporated into the bacterial genome without any concomitant loss
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became possible. Jacob and iJollman (1957) employed this technique
prophage is near
of bacterial DNA. Jacob and Wollman (l9ol) have presented evi­
dence that the addition mechanism can probably be discounted. They 
put forth the idea that if addition were the means of attachment then 
recombination in these bacteria should, have a higher frequency than 
those not possessing the additional material. They found however 
that the frequency of recombination between lysogenic strains and 
nonlysogenic strains of E. coli K-12 with prophage 18 was the same 
as marked by methionine. Although the evidence against substitution 
and addition exists, there is very little to prove conclusively that 
attachment is the true means of connection between prophage and 
bacterium.
The other characteristic feature which is possessed by lyso­
genic bacteria is that they are immune to lysis by related or other 
similar phage. The explanation for this immunity was gained (Wollman 
and Jacob, 195?) through experimentation with conjugal crosses of 
lysogenic and nonlysogenic strains of E. coli. It was found that if 
a Hfr male strain which was lysogenic was crossed with a nonlysogenic 
female strain then the prophage was induced into the lytic cycle.
This phenomenon "was termed zygotic induction. If on the other hand 
the female (F-) strain carried the prophage and was crossed with a 
nonlysogenic Kfr strain or if both strains were lysogenic then no 
zygotic induction was observed. It is therefore evident that zygctic 
induction is in some way controlled by the cytoplasm of the female 
strain. It was further noted that the only time a prophage is induced 
is when it is introduced into a non-immune cell. Following this
18
line of reasoning, it was surmised that in lysogenic bacteria there 
is present a cytoplasmic factor which provides immunity.to super- 
infecting phage. This immunity factor is probably synthesized by 
and under control of the prophage.
The normal sequence of events which takes place upon invasion 
of a susceptible host by a bacteriophage has been described. Both 
the lytic cycle and the state of lysogeny were treated. This sequen­
tial order of events which normally takes place, however, may be 
altered by the addition of certain chemicals. These agents have 
different modes of.action although the end result, phage inhibition, 
is the same. From the basic composition of bacteriophage, it can 
readily be seen that any substance which would interfere with protein, 
RNA, or DNA production could result in phage inhibition. One such 
inhibitor is mitomycin-C which is produced by several species of 
Streptomyces. Iyer and Szybalski (1963) presented evidence that 
bacteria which were subjected to treatment with the antibiotic had 
cross links between the complementary strands of their DNA. They 
found that if DNA which had been treated with mitomycin was subjected 
to thermal denaturation that complete separation of the strands was 
not possible and upon cooling renaturation was much faster than in 
untreated DNA. It has now been firmly established (Iyer and Szybalski, 
1964 a,b) that these cross linkages are the result of covalent 
bonding of the mitomycin to DNA as a result of alkylation of groups 
on each of the complementary strands of DNA. It has further been 
shown that the antibiotic has.no effect on purified DNA in vitro as 
demonstrated by Iyer and Szybalski (19&3) an8 Motsumoto and Lark
(1963). They concluded that the antibiotic had to be activated 
before it produced any effect. They sho-wed that this activation 
could occur through the reduction of the mitomycin molecule. In 
I965 Lipsett and Weissback studied the effects of tritiated mitomycin- 
C on several synthetic polyribonucleotides. They found that guanine 
was much more susceptible to alkylation than any other bases and 
that the nitrogen 7 position of guanine 'was the site of attachment.
One distinct feature of mitomycin action that was observed (Kersten 
and Rauen, 196l) in bacteria was the breakdown of bacterial DNA.
The degradation products of DNA were excreted into the medium but 
virtually no RNA or protein was found. There is no evidence at 
present to show that mitomycin has any effect on RNA synthesis. It 
has been shown (Sekiguchi and Takogi, i960) that the DNA of viruses 
is much less susceptible to mitomycin than is bacterial DNA. The 
explanation for this finding is not yet clear. The possibility 
exists however that viral and host DNA are synthesized in different 
ways. Price and Weissback (l96^ a) partially disproved this idea by 
showing that the DNA polymerases in E. coli K-12, A  j before and 
after induction with mitomycin-C were the same. Mitomycin-C has also 
been shown to induce prophage into the vegetative state (Otsuji et al., 
1959) and lysogenic bacteria in general (Reich et al., 196l) are more 
sensitive to the drug than nonlysogenic strains.
Another inhibitor which has the capacity to interfere with some 
of the processes that take place during bacterial or phage development 
is actinomycin. The actinomycins were the first antibiotics to be 
isolated from the actinomycetes. After the discovery (Waksman and
Woodruff, .19^ -0) of the actinomycins, it was found that this group 
of. antibiotics had great anti-tumor activity. Their application as 
therapeutic agents, however, has been limited by the fact that these 
drugs are highly toxic. Actinomycin is a known inhibitor of DNA- 
dependent RNA synthesis. Kirk (i960) has shown that actinomycin forms 
complexes with the DNA in cells but not -with other cellular material.
In certain instances actinomycin has been found in other areas of 
the cell but this mas thought to occur only after the DNA molecule 
had been saturated. Any system ■which is dependent upon DNA may be 
altered or halted by the addition of the antibiotic. Reich et al.
(1962) have observed that the process of cell division and non-viral 
RNA synthesis are very sensitive to low concentrations of actino- 
mycin. Protass and Korn (1965) have shown that the maturation of 
phage T^ is affected by low levels of the antibiotic. From studies 
with bacterial systems (Reich, Goldberg and Rabinowitz, 1962b), Hela 
cells (Reich et al., 1962b), and purified and crude RNA polymerases 
it has been definitely established that actinomycin exerts its 
action through the formation of complexes with DNA. In addition 
to this finding, it was further noted that certain groups of the 
actinomycin participated in the interaction between DNA and actinomycin 
Since the discovery of chloramphenicol, there has been much 
speculation as to its mode of action. In 1953 Gale and Folker were 
able to demonstrate an increase in nucleic acid accumulation in 
Staphylococcus aureus when the antibiotic was added in concentrations 
sufficient to inhibit protein synthesis. This increase was observed 
in the RNA fraction while DNA synthesis was not altered. Elliott
(1963) could observe no effect on DNA-dependent DNA or RNA- 
polymerases by chloramphenicol. Although it was thought that the 
mode of action of chloramphenicol i-ias to inhibit protein synthesis, 
the exact mechanism remained obscure for a number of years. De Moss 
and Novelli (1956) found that the antibiotic did not inhibit protein 
synthesis by blocking amino acid activation and it was further shown 
- (Lacks and Gros, i960) that it did not prevent the formation of 
aminoacyl-S_RNA. Lariboy and Zameenik (i960) showed the inhibition 
of amino acid incorporation in bacterial cell-free systems. Nathans 
and Lipmann (1961) concluded that the inhibitory effect of chloram­
phenicol took place after the formation of aminoacyl-S_RNA and 
before the formation of polypeptides at the ribosomes. It was shown 
(So and Davie, 19&3) "that yeast ribosomes were resistant to chlor­
amphenicol and protein synthesis continued unaltered while bacterial 
ribosomes were sensitive. This indicated that the ribosomes were the 
site of action of chloramphenicol in the case of the bacteria. Julian 
(1965) has shown that the drug prevented growth of the peptide on 
the ribosome. He observed that di- and tripeptides were not affected 
while longer chains were inhibited.
Recently, there have been several reports of naturally-occurring 
inhibitors of viral development. Centifanto (l966) has reported a 
new antiviral agent, phagicin. This agent was obtained from E. coli
in vitro. Cells which are pre-treated with phagicin are resistant 
to viral infection. Phagicin gives protection against infection
infected with phage. It has activity in vivo, as well as
from DNA viruses such as vaccinia or herpes simplex but no activity
against RNA. viruses has been detected. Oleson (1966) reported a 
substance obtained from E .  coli B cells -which has an inhibitory 
effect upon in vitro assay of E .  coli RNA polymerase. This material 
-was sensitive to the action of proteases and was of high molecular 
weight. This agent was shown to be inhibitory for the polymerization 
of all four nucleoside triphosphates which were primed with native 
D N A . The mode of action is still not well defined but does not 
restilt from a depletion of substrates, template or product.
MATERIALS AND METHODS
Organism.
Bacillus cereus strain T was used throughout the course of 
this investigation. This organism was described earlier as Bacillus 
cereus var. terminalis and was isolated at the University of 
Minnesota.
Maintenance and cultivation of the organism.
Stock cultures of B. cereus T were maintained by inoculating 
nutrient agar slants which were incubated at 30 C for a period 
sufficient to allow sporulation. Spore suspensions of the organism 
were made by transferring a loopful of the material from the slant 
into 1.0 ml of sterile water. This suspension was heat shocked for 
30 minutes at 80 C. After this treatment a 1:1000 dilution of the 
spore suspension was prepared and 0.1 ml was used to inoculate 10 
ml of medium suitable for growth and sporulation. This initial sus­
pension of spores served as the starter culture. To obtain maximum 
synchrony of the culture, the active transfer method of Collier 
(1957) and later modified by Halvorson (1957) 'was used. After 
incubation of the starter culture on a New Brunswick Scientific 
Company rotary shaker for a period of approximately 10 hours at 30 
C, 10$ by volume of the culture was removed and inoculated into new 
medium. After a period of 1.0 to 1.5 hours on the shaker, another 
10$ transfer was made into fresh medium. These cells were allowed
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to incubate for another 1.0 to 1.5 hours and -were used to inoculate 
the test culture. The test culture was followed periodically by 
phase microscopy until the desired stage of cell growth was attained.
In this investigation, B. cereus T cells were allowed to proceed to 
a time just prior to commitment of the cells to sporulation.
Growth medium.
A. suitable medium for the growth and sporulation of B. cereus T 
was developed by Greenberg (195^ ) and was earlier described by 
Stewart and Halvorson in 1953* This medium was designated as glucose 
medium and will hereafter be referred to as "G" medium.
This medium was prepared by making stock solutions of 10$ 
yeast extract, 10$ glucose, 5$ KgHPO^, and 0.8$ CaCl^. These solu­
tions were then autoclaved and the glucose and yeast extract were 
stored in the cold. A stock solution of minerals was made by mixing 
a solution of 0.01$ FeS0^ *7 0.1$ CuS0^ *5 1.0$ MnSO^'H^O,
^.0$ MgSO^, and 0.1$ ZnS0^*7 H^O with an equal volume of -^0.0$
(NH.)„S0, . After preparation of the stock solutions, the medium 
H" 2 4
to be used for growth was made by adding an amount of the minerals 
solutions equivalent to 1$ in distilled water of the final volume 
of the medium and by the addition of 2$ yeast extract and 1$ each 
of potassium phosphate, calcium chloride, and glucose.
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The following is the final composition of "G" medium:
Compound Percent (W/V)
Glucose 1.0 X lO”1
Yeast extract 2.0 X 10"1
k2hpo4 5.0 x 10"2
CaCl2-2 H20
0.00 X 10~3
(nh4)2so4 2.0 X 10_1
-MgSO^ 2.0 X 10-2
MhSO^H 0 5.0 x 10'3
ZnSO^‘7 H20 5.0 x 10"4
CuSO^-5 h2o 5.0 X 10“^
FeS0^ *7 H20 5.0 X 10--5
The final pH of the medium was 7.0-7.^ -.
Phage diluent.
0.8$ nutrient broth (Difco).
Medium used for phage plating.
1.5$ agar (Difco)
0.8$ nutrient broth
Soft agar composition.
0.8$ nutrient broth 
0.65$ agar
Inhibitors -used.
a. Actinomycin-D Merck Sharp and Dohme Laboratories,
Rahway, New Jersey.
b. Mitomycin-C Sigma Chemical Corporation, St. Louis, 
Missouri.
c. Chloramphenicol Parke Davis, Detroit, Michigan.
- ■ Radioactive materials.
14a. C -phenylalanine New England Nuclear Corporation,
Boston, Massachusetts.
32b. P -inorganic phosphate Abbott Laboratories, Chicago, 
Illinois.
Microscopy.
All cultures were examined routinely under an A/0 phase con­
trast microscope. This procedure was used to determine the stage 
of growth of the organism.
de termina ti o n.
All pH determinations were made by means of a Heath pH record 
ing electrometer.
Isolation and propagation of bacteriophage.
The bacteriophage which was used during this investigation was 
first isolated by Goldberg and Gollakota (i960) from large batches 
of B. cereus T cells which had undergone partial lysis. The phage 
produced large clear plaques when plated on a lawn of B. cereus T 
cells. Hereafter this phage will be referred to as C0L denoting 
the host cell and the type of plaque produced. The phage was pro­
pagated in the following manner. Material from an isolated plaque 
was picked into 0.1 ml of nutrient broth and this suspension was 
used to inoculate 1.0 ml of bacterial cells. This phage-cell mixture 
was then incubated at 30 C on a rotary shaker until lysis occurred. 
This material was then used to inoculate a 10 ml culture of bacterial 
cells grown in "G" medium. When it was desirable to obtain large 
batches of phage material, a volume of 500 ml of "G" medium was pre­
pared. To this medium, 0.^  ml of heat shocked bacterial spores was 
added and the cells incubated at room temperature for 12 hours 
after the addition of phage or until complete lysis had occurred.
The lysate was then centrifuged for 15 minutes at 5000 rpm to 
sediment cellular debris. The supernatant was then centrifuged for 
1-1 l/2 hours at 17,000 rpm to deposit phage particles. The 
supernatant was discarded and the pellet was suspended in 10 ml of 
nutrient broth. A low speed centrifugation was then carried out to 
remove further cellular debris. Chloroform (0.1 ml) was added to 
the phage suspension and the phage was then stored in the cold. This 
lysate-served as the stock phage suspension and samples were taken 
as needed.
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Preparation of phage antiserum.
A stock suspension of bacteriophage was diluted to give a final
C)
concentration of 1.0 X 10 particles/ml. Two adult rabbits "were
injected in the marginal ear vein with 1.0 ml of the phage suspen­
sion. The animals were allowed to rest for a period of one week at 
which time they then were given a second 1.0 ml injection of the
phage material. Two weeks following the second injection the animals
were bled from the heart. Approximately 5*0 ml of blood was taken
from each animal and refrigerated overnight after which the serum 
was removed and frozen until needed.
Preparation of cellular extract.
Flasks containing 500 ml of "G" medium were inoculated with 
0.5 ml of heat shocked spores of B. cereus T and incubated at room 
temperature for a period of approximately 12-15 hours. The flasks 
were then incubated at 30 C with agitation and cellular growth was 
followed at different time intervals using phase microscopy. The 
bacterial cells were allowed to progress to a point just prior to 
commitment to sporulation. This point was determined by the breaking 
up of long chains of cells with a concomitant rise in the pH of the 
medium. This period was also characterized by the formation of 
visible cross-walls. At this time, the cells were centrifuged at
5,000 rpm for 15 minutes and resuspended in 0.01 M phosphate buffer 
pH 6.8 in a volume sufficient to form a paste. After cooling to 
^ C the cells were subjected to intermittent sonication with a
Branson Sonifier. The cells -were sonicated in 30-second bursts 
for a period totaling 6-10 minutes or until 90$ breakage was 
obtained as observed by phase microscopy. At no time was the 
temperature allowed to exceed 15 C. Cellular debris was removed 
from the extract by centrifugation at 8,000 rpm for 15 minutes.
The supernatant was recovered and frozen for later use.
Spectrophotometrie analysis.
In all turbidimetric determinations to assay for the inhibi­
tory effect of phage production by extracts of B. cereus T cells, a 
Bausch and Lomb Spectronic 20 spectrophotometer was used. The 
measurements were carried out at a wavelength of 5^ 0 mu.
Determination of plaque forming units.
A modification of the agar layer method described by Hershey, 
Kalmanson and Bronfenbrenner (19^ 3) was used to determine plaque 
forming units. In this procedure appropriate dilutions of the phage 
suspension were made in nutrient broth. From the individual dilution 
tubes 0.1 ml was removed and added to sterile tubes containing 0.1 ml 
of B. cereus T lawn cells. This mixture was allowed to stand for 3 
minutes to allow for adsorption. After the period of adsorption, 2.0 
ml of sterile 0.65$ nutrient agar which was incubated at C was 
added to each tube containing the phage-cell mixture. The mixture 
was then layered on nutrient agar plates. After fifteen minutes, 
plates were inverted and placed in a 30 C incubatory and counts were 
made the following day.
Radioactive incorporation studies.
Radioactive material "was incubated "with phage infected cells 
in amounts sufficient to give counts of 10^ counts/minute/ml or 
higher. Experiments x^jere allowed to proceed for the desired period 
of time with 1.0 ml samples being taken at certain time intervals.
To the 1.0 ml samples, an equal volume of cold 10$ TCA was added.
The sairples were then washed with 40.0 ml of 10$ TCA to remove 
unincorporated material and to prevent non-specific adsorption and 
the precipitate was trapped on a nitrocellulose filter pad. The 
pad was dried for a period of 2-4 hours at 37 C and resuspended in 
10 ml of scintillation fluid (6 gm PP0 and 250 mg PP0P per liter of
dioxane) and counted on a Beckman Scintillation Spectrometer.
32Experiments to determine the incorporation of P into DNA were 
performed in the following manner. Duplicate 1.0 ml samples of the 
infected cells were withdrawn at different time intervals and pre­
cipitated with cold 10$ TCA. One of the duplicates was processed 
in the manner described above while the second sample- was centrifuged 
at 10,000 rpm for JO minutes after the addition of 1.0 ml of a 1 
mg/ml solution of bovine serum albumin. The supernatant was decanted 
and the pellet resuspended in 2.0 ml of 0.3 N K0H and incubated at 
30 C for 18 hours to hydrolyze RNA. After incubation the sample was 
neutralized with 2.0 ml of 0.3 N HCl and then washed with 40 ml of 
10$ TCA, filtered, and counted.
R E S U L T S
Bacteriophage C0L -which is characterized by the fact that it 
produces large clear plaques when plated on a lawn of B. cereus 
strain T cells is a mutant of the phage initially isolated by Goldberg 
(i960). It was found that optimum plaque production was obtained 
when a modification of the procedure described by Adams (1959) was 
used. The bacteriophage were allowed to adsorb to bacterial cells 
for 5 minutes and the culture was incubated at JO C with agitation 
until mass lysis occurred. The lysate was then diluted into nutrient 
broth to give the desired number of phage particles. Samples of 0.1 
ml were removed from each dilution of the lysate and incubated for 
3 minutes with 0.3 ml of B. cereus T cells. Soft agar at 4l C 
(0.65$) was added and the mixture was plated on nutrient agar and 
incubated at 30 C overnight. Typical plaque morphology of the phage 
is seen in Figure 1.
Figure 2 is an electron micrograph of bacteriophage C0L. The 
phage preparation was negatively stained with phosphotungstic acid 
and magnified approximately 70,000 X. Another characteristic of 
this phage is that it has a long tail in proportion to head diameter. 
Occasionally large clear structures with the diameter of phage heads 
but devoid of internal material have been observed under the elec­
tron microscope. These are presumed to be phage heads which do not 
contain any DNA.
The kinetics of bacteriophage C0L infection of B. cereus was 
studied by performing the one-step growth curve experiment as devised
Figure l, Photooicrogroph shoving ploquo Morphology 
of bootorlophoge CjfL*
Figure 2. Electron aiorograph of bacteriophage C0L.
by Ellis and Delbruck (19^ 0). B. cereus T cells -were grown in "G" 
medium until maximum growth was attained and 25 ml of the cells were 
centrifuged and resuspended in an equivalent volume of nutrient broth.
To the cells, 0.1 ml of bacteriophage was added and 0.1 ml samples 
were removed at intervals of 10 minutes and diluted in nutrient broth. 
From the diluted lysate 0.1 ml samples were removed and adsorbed to 
B. cereus T lawn cells and plated. Plates were incubated at 30 C for 
a period of 12 hours and counted. The results of the one-step growth 
curve for bacteriophage C0L are illustrated in Figure 3» The burst 
size was calculated in the following manners
•o + • _  plaque titre at plateau_______
urs size p]_aqUe titre during latent period
Burst site = 2s8_JLlo!
7.7b x 10
Burst size = by.b
This phage has a burst time of -^0 minutes and an average burst size 
of 50. This data compares favorably with that obtained for T^ 
phage although the burst size of T^ is somewhat larger.
The antigenicity of C0L was determined by the phage neutraliza­
tion test. Antiserum to C0L was obtained as described under
Materials and Methods and diluted 1:100 in nutrient broth. From this
9\dilution 1.0 ml was mixed with 1.0 ml of phage suspension (5*5 X 10 )
and 8.0 ml of nutrient broth. The mixture was incubated at 37 G
and 0.1 ml samples were removed at 10 minute intervals, diluted and 
plated with lawn cells in the conventional manner. A mixture containing
Figure 3* One-step growth curve for bacteriophage C0L.
NUMBER OF PLAQUE FORMING UNITS/ml
9.0 ml of nutrient broth and 1.0 ml of C0L was also run and served 
as the control sample. After plating the cells were incubated at 
30 C overnight and counted. The velocity constant, "K", which is a 
measure of the neutralizing capacity of a serum was determined for 
antiserum against bacteriophage C0L in the following manner:
Po Kt 
9 on, o 10? V 0 n? - L502.303 log 2>2 x 10 1000
2.303 (log 9-log 2.2 X 100 20- xO7' ■= —
K = 78.2
Pq = Plaque count at time "0"
P-^ = Plaque count at time "T"
t = time interval between counts 
D = dilution of antiserum
Goldberg (i960) observed that if phage was added to B. cereus T 
cells later than 8 hours no lysis occurred but phage determinants 
were incorporated into the spores and were released upon germination. 
This observation poses several questions. Does the bacterial cell at 
the time just prior to sporulation produce a substance which prevents 
phage development? Is the inhibition of phage development due to the 
fact that the host machinery of the bacterial cell needed for phage 
development ceases to function at this time? Experiments were
performed to isolate a substance from B. cereus T cells at the pre­
spore .stage which would inhibit phage development. Extracts from 
B. cereus T cells were prepared as described under.Materials and 
Methods. The crude extract was centrifuged to remove cellular debris 
and dialyzed to remove contaminating material of low molecular weight. 
Optical density measurements (5^ 0 mu) of infected cells were made 
with the addition of varying amounts of pre-spore extract. Samples 
containing 1.0 ml of extract (Figure showed no significant drop 
in optical density when compared to the control sample. Samples 
which contained less than 1.0 ml of pre-spore extract were more 
susceptible to phage lysis and showed a drop in optical density.
Since pre-spore extracts of B. cereus T were shown to have an 
inhibitory effect on phage development (Figure , experiments were 
conducted to determine whether the inhibitory activity is sedi­
mentable at high-speed centrifugation. Pre-spore extracts were 
centrifuged at 35»000 rpm for 60 minutes and the supernatant decanted 
and stored. The pellet obtained after centrifugation was resuspended 
in a volume of 0.01 phosphate buffer (pH 6.8) equivalent to that of 
the supernatant. The activity of the supernatant and pellet was 
compared with that of whole extract in preventing phage development 
in the following manner. B. cereus T cells were infected with phage 
and ty.O ml of infected cells were dispensed into tubes containing 
either whole extract, pellet or supernatant. The optical density 
was measured for a period of 150 minutes. Most of the inhibitory 
substance was present in the supernatant (Table 2). The pellet showed 
some inhibitory activity which was small when compared to that of
Figure b. Effect of addition of varying amounts of pre­
spore extract to phage infected cells.
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Table 2. The inhibitory effect of different fractions of
cereus T pre-spore extract on phage development.
Sample Concentration (ml added)
A Optica] density
$ Inhibition*
. initial final
0.01 .2^ 5 • 05 0.0
Whole
extract 0.10
oU
V
CM• .09 . 15.0
1.00
oo
• • 23 63.0
0.01
o•3-CM• .05 0.0
Super­
natant 0.10 .2^ 5 .06 3.0
1.00 .220 .17 7^.0
0.01
CM• • 0 O
n 0.0
Pellet 0.10 .2 55 .08 5.0
1.00 .260 .11 18.0
Control - .230 .0^ 0.0
*/oInhibition - A - A 2jD.T_te.st x 1Q0
if 0
the supernatant and might be due to the fact that the pellet was 
contaminated with the active factor. It was observed that with 
amounts contained in 1.0 ml of extract material, significant 
inhibition of phage development was obtained but the degree of 
inhibition decreased at lower amounts of extract.
Mention was made that extracts which showed an inhibitory 
effect on phage development were prepared from cells at the pre-spore 
stage. In an effort to determine the exact time of production of 
this inhibitory substance, experiments were carried out in which 
cell extracts were prepared from B. cereus T cells of different 
physiological ages. Cells were grown in "G” medium and synchronized 
by using the active transfer technique (Halvorson, 1957) and extracts 
prepared in the manner previously described. Extracts (0.5 ml) 
prepared from cells of different physiological ages was added to 
infected vegetative cells after adsorption of the phage. The change 
in optical density was observed and the results are presented in 
Table 3* Cells which had a physiological age of 8 hours provided 
the greatest degree of inhibition. Cellular extracts prepared from 
cells older or younger than 8 hours exhibited lesser degrees of 
inhibition.
Inhibitor activity was studied by the addition of pre-spore 
extract at different times after phage infection. B. cereus T cells 
were infected with C0L at a multiplicity of 3*8 and absorbed for a 
period of 3 minutes. After adsorption, 0.2 ml of extract was added 
to tubes containing phage infected cells at different time intervals 
and the optical density followed. Results, indicated (Table -^) that
Table 3. Inhibition of phage development by pre-spore extracts prepared from cells of 
different physiological ages.
Sample #
Physiological age of 
cells from ■which 
extract was taken
A Optical density
$ Inhibition
initial final
1
«
2 hrs • 30 .18 37-0
2 4 hrs .30 .19 37.0
3 6 hrs .36 .23 33.0
4 8 hrs .37 • 31 71.0
5 10 hrs .31 .21 hl.O
6 12 hrs .31 .18 2^.0 '
control (no extract) - .29 .10 0.0
Table k. Relationship between time of addition of extract and 
inhibition of phage development.
Time of addition 
of extract (min)
Optical density
A O.D. ^Inhibition*
initial final
0 .52 .36 .16 59.0
3 .52 • 37 .15 63.O
5 .52 .36 .16 59.0
10 .52 .36 .16 59.0
15 .52 .35 .17 55-0
20 .52 .28 .2 k 38.0
30 .52 ,2k .28 26.0
k5 .52 .23 .29 25.0
control (no extract) .50 .11 • 39 0.0
*As in Table 2.
if the pre-spore extract was added during the first 5 minutes 
after infection then approximately 60$ inhibition of phage develop­
ment was obtained. After this time, the percent inhibition decreases. 
This suggested that the pre-spore extract was exerdiing its action on 
a process or processes which occurs early during phage development.
Further experiments were conducted using the reduction in 
plaque forming units as a measure of phage inhibition. B. cereus T 
cells were grown in MG" medium to a maximum population and centri­
fuged for 15 minutes in a Servall RC-2 centrifuge at 10,000 rpm.
The sedimented cells were resuspended in 20 ml of nutrient broth and 
divided into 2.0 ml aliquots and dispensed into 50 ml erlenmeyer 
flasks. The cells were infected with C0L at a multiplicity of 3*9* 
After adsorption of the phage, pre-spore extract (0.2 ml/ml bacterial 
cells) was added at different times. The reaction was allowed to 
proceed for 50 minutes at 30 C with agitation after which time the 
lysate was diluted and plated. Results obtained (Table 5) from this 
experiment showed that the pre-spore extract has to be added early 
after phage infection in order to be effective.
In subsequent experiments, certain antibiotics whose modes of 
action are well-defined were employed in order that a comparison 
might be made between them and the pre-spore extracts of B. cereus T. 
The first of the antibiotics to be tested was chloramphenicol which 
is a known inhibitor of protein synthesis (Gale and Paine, 195l) in 
bacterial cells. These experiments were performed in a manner 
similar to the previous one using pre-spore extract; chloramphenicol 
(40 ug/ml of bacterial cells) was substituted for the extract.
Table 5« Reduction in the number of plaque forming
units by the addition of B. cereus T extract
at different times after infection.
Time of addition 
of extract (min)
0 2.1
10 7-5
20 5.6
30 5.6
50 5.6
control 9.2
.U. $ Inhibition
x io 8 77.0
X 108 18.0
X 108 38.0
X 108 38.0
X 108 38.0
X 108 0 .0
After adsorption of the phage chloramphenicol was added at 
different time intervals. Results of the experiment using chlor­
amphenicol are seen in Table 6. Inhibition by chloramphenicol is 
characterized by cessation of phage development even when the 
antibiotic is added 50 minutes after infection. This is in sharp 
contrast to the action of pre-spore extract which gives good 
inhibition only when added soon after phage addition.
Actinomycin-D which blocks DNA dependent RNA synthesis and 
forms reversible complexes with DMA (Kirk, i960) was also tested for 
its ability to inhibit phage production. Actinomycin-D was used at a 
concentration of 1 ug/ml of bacterial cells. After adsorption of the 
bacteriophage, the antibiotic was added after different periods of 
time to the infected cells. Actinomycin differs from both pre-spore 
extract and chloramphenicol (Table 7) in that it exerts an effect 
on phage development if added during the first 30 minutes after 
infection but after this time shows little activity.
Reich et al. (1961) have shown that the use of mitomycin-C 
results in extensive breakdown of DNA in bacterial cells while RNA 
synthesis is unaffected. As in previous experiments employing 
antibiotics, mitomycin-C (l ug/ml of bacterial cells) was added to 
infected B. cereus T cells at different times following phage infec­
tion. The action of mitomycin-C (Table 8) is limited to the first 
15 minutes after infection. The action of mitomycin-C closely 
resembles that of pre-spore extracts of B. cereus T from the stand­
point of time of addition to degree of inhibition of phage 
development.
Table 6. Effect of chloramphenicol added at different
times on the number of plaque forming units.
Time of addition 
of extract (min) P.F.U. $ Inhibition
0 1.2 X 107 98.0
5 1.3 x 107 98.0
10 7.5 X 106 99.0
20 1.8 X 107 98.0
30 k.6 X 107 90.0
50 1.1 x io8 88.0
control
Q
9.7 X io 0.0
Table 7. Effect of actinomycin-D added at different times
after infection on the number of plaque forming
units.
Time of addition 
(min) P.F.U. $> Inhibition
0 9.1 X io8 96.0
5 7.6 X 108 97.0
10 7.0 X io8 97.0
15 2.9 X 10a 98.0
20 4 .7 x io8 98.0
30 2.1 X 108 99.0
40 5.7 X io9 78.0
50 1.5 X io10 43.0
control 2.7 X 1010 0.0
Table 8. Effect of mitomycin-C added at different times
after infection on the number of plaque forming
units.
Time of addition 
(min) P.F.U. $ Inhibition
0 3.0 x io8 89.0
5 3.0 X 108 89.0
10 7.0 X 108 75.0
15 1.0 X io9 64.0
20 2.7 X 109 4.0
30' 2.0 X 109 0.0
40 1 .0 X 109 60.0
50 1.0 X io8 96.0
control 2.8 X 109 0.0
Investigations were carried out to determine the nature of the 
inhibitory factor present in the pre-spore extract of B. oereus T.
This was accomplished by subjecting the extract to various treatments 
which might destroy or alter its activity. The extract was heated 
for 10 minutes at 100 C (Table 9) and tested for its ability to 
inhibit phage production before and after treatment as assayed by 
plating techniques. It was found that heat treatment markedly 
reduced the inhibitory action of the extract. The extract was further 
treated with DNAase (10 ug/ml of extract) and RNAase (50 ug/ml of 
extract) with no apparent loss of activity. Samples of the extract 
dialyzed overnight against 0.01 M potassium phosphate pH 6.8 still 
retained complete activity. Finally the extract was subjected to 
treatment with proteolytic enzymes (20 ug/ml of extract). The extract 
was incubated with the proteolytic enzymes for 3 hours at 37 C and 
tested for inhibition of plaque forming units. Results (Table 9) 
show that the inhibitory fraction present in pre-spore extracts of
B. cereus T is susceptible to hydrolysis by these enzymes. It can 
be concluded that the extract of B. cereus T may well be protein in 
nature.
It was established earlier that the pre-spore extract was only 
effective when added early after phage infection. It was of interest 
to determine what processes during phage development were inhibited 
by this factor and such studies were undertaken by following incor­
poration of radioactive material into macromolecules. B. cereus T 
cells were grown to a maximum population and resuspended in nutrient 
broth. Bacteriophage C0L was added to the cells at a multiplicity
50
Table 9* Effect of various treatments on the inhibitory activity 
of pre-spore extracts.
Treatment
Phage titer P.F.U./ml 
Before treatment After treatment
Heat (100 C for 10 min) 2.7 X 108 3.9 x 109
*Dialysis 2.0 X 108 1.5 x 108
DNA ase (10 ug/ml) 2.7 X 108 2.2 X 108
RNA ase (50 ug/ml) 2.7 X 108 1.1 x 108
Trypsin (20 ug/ml) 4.2 X 108 1.0 X 109
Chymotrypsin (20 ug/ml) 4.2 X 108 2.1 X 109
Pronase (20 ug/ml) 4.2 X 108 2.9 x 109
*The extract was dialyzed overnight at 4 C against 0.01 M potassium 
phosphate pH 6.8.
of 0.5 and allowed to adsorb. After a period of 5 minutes C _
^ 32phenylalanine uniformly labelled (10 counts/ml) and P -sodium
phosphate (10  ^counts/ml) were added and two 8 ml samples were
removed from the flask. Pre-spore extract was added to one sample
and an equal volume of 0.01 M phosphate buffer pH 6.8 was added to
the other. At intervals of 10 minutes 1.0 ml samples were taken
and precipitated with 1.0 ml of 10$ w/v cold trichloroacetic acid.
The samples were then washed with 40.0 ml of TCA and the precipitate
was trapped on a nitrocellulose pad. After drying for ^ hours the
lij,
samples were counted. The incorporation of C -phenylalanine was not
Op
affected by the addition of inhibitor (Table 10) while P -phosphate
uptake was inhibited. This indicated that protein synthesis was
probably not affected by pre-spore extract but some process which 
32was involved in P incorporation was inhibited.
Evidence indicating DNA involvement came from experiments using 
tritium labelled thymidine (lO^ - counts/ml). B. cereus cells were 
grown to a maximum population in "G" medium and 25 ml of cells were 
resuspended in an equivalent volume of nutrient broth. The bacterial 
cells were divided into two 10 ml samples and warmed at 37 C. 
Bacteriophage was added at a multiplicity of 0.5 and allowed to 
adsorb for 5 minutes. Pre-spore extract (0.2 ml/ml of bacterial cells) 
was added to one sample and sterile water to the other sample followed 
by the addition of 0.1 ml of thymidine (tritiated) to both samples. 
Samples (l.O ml) were removed at this time and at intervals there­
after. All reactions were stopped by the addition of 1.0 ml of 10$
TCA. The lysate was centrifuged and the supernatant decanted. The
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Table 10. Inhibition of incorporation of C -phenylalanine and 
p32_phosphate into TCA precipitable cell fraction in 
phage infected cells in the presence of pre-spore 
extract.
Time
(rain)
1
-3-r“lO
CPM/ml p32 _ CPM/ml
Normal +Inhibitor Normal +Inhibitor
10 267 124 337 237
20 473 452 642 327
30 619 779 1162 412
40 892 927 1380 612
50 931 927 1552 612
pellet was washed with 10 ml of TCA on a nitrocellulose filter.
The filter was dried for k hours at 37 C, suspended in scintillation 
fluid and counted. Data (Figure 5) indicated that uptake of thy­
midine was inhibited by the presence of pre-spore extracts of B. 
cereus T.
Evidence that pre-spore extract acted on a process needed for
32DNA synthesis was obtained by the inhibition of P incorporation 
into DNA. Cells were infected at a multiplicity of 0.5 and adsorbed 
for 5 minutes. Extract was added (0.2 ml/ml of cells) immediately 
after infection and the mixture was incubated at 30 0 Tor 20 minutes.
Op C.
P -phosphate (10 counts/ml) was added anda 1.0 ml sample removed
and precipitated with 1.0 ml of TCA. Samples were removed from the
infected cells every 10 minutes thereafter and processed according to
the procedure under Materials and Methods. The results presented in
32Table 11 show inhibition of P -phosphate incorporation by pre-spore
32
extracts of B. cereus T. The incorporation of P -phosphate into
the DNA fraction was also markedly inhibited by the extract. In
32
samples which contained inhibitor, incorporation of P -phosphate
into DNA was reduced by 60%.
Experiments similar to the one described above were carried out
using actinomycin-D. The antibiotic was used in a concentration of
1 ug/ml of cells. The addition of actinomycin-D (Table 12) to phage
32infected cells shows inhibition of P incorporation and also 
inhibition of incorporation into the DNA fraction. Approximately
op
60$ inhibition of P incorporation into DNA was observed. Results 
(Table 13) show the effect of adding mitomycin-C (l ug/ml of cells)
Figure 5 Inhibition of incorporation of labelled 
thymidine into phage infected cells 
by pre-spore extracts of B. cereus T.
D - O  0.2 ml of extract added 
O — O  control
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M
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Table 11. Action of pre-spore extracts on the incorporation of 
p32_phosphate into phage infected cells.
Time
32P incorporation into TCA 
precipitable fraction
32
**P incorporation 
into DNA
with
inhibitor
without
inhibitor
with
inhibitor
without
inhibitor
CPM/ml CPM/ml CPM/ml CPM/ml
*25' 104 104 16 22
35' 406 731 38 40
5^' 1156 2004 60 128
55' 2337 3710 129 222
65' 35^1 4392 146 386
32*P added 25 minutes after infection and samples removed every 
10 minutes for counting.
**DNA -was precipitated with 0.3 N KOH and neutralized ■with 0.3 
N HC1.
32
Table 12. Inhibition of the incorporation of P -phosphate into phage infected cells 
by actinomycin-D.
Time
32
P incorporation into TCA 
precipitable fraction
32**P incorporation 
into DNA
actinomycin-D no actinomycin-D a c tinomyc in-D no actinomycin-D
CPM/ml CPM/ml CPM/ml CPM/ml
*25' 32 129 15
l
20
35’ 105 1776 12 70
45' 329 3211 17 154
55' 1456 2445 101 263
65' 2035 2683 178 436
32*P added 25 minutes after infection and samples removed every 10 minutes for 
counting.
**DNA -was precipitated with 0.3 N KOH and neutralized with 0.3 N HC1,
32Table 13. Inhibition of the incorporation of P -phosphate into phage 
infected cells by mitomycin-C.
Time
32P incorporation into TCA 
precipitable fraction
32**P incorporation 
into DNA
mitomycin-C no mitomycin-C mitomycin-C no mitomycin-C
CPM/ml CPM/ml CPM/ml CPM/ml
*25’ 34 47 12 3
35’ 52 60 12 4
45’ 69 204 16 21
55’ 47 317 18 22
65’ 95 547 18 51
32*P added 25 minutes after infection and samples removed every 10 
minutes for counting.
**DNA -was precipitated with 0.3 N KOH and neutralized with 0.3 N HC1.
to the same system used in preceeding experiments. Inhibition of 
32
P incorporation is observed in the TCA precipitable fraction as 
■well as into the DNA fraction.
DISCUSSION
The morphology and kinetics of infection by bacteriophage C0L, 
■which is a mutant of the phage originally isolated by Goldberg 
(i960) have been described. This bacteriophage is characterized by 
the production of large clear plaques -when plated on a lawn of 
B. cereus T cells and is unlike the original isolate of Goldberg 
(i960) which produced pin-point plaques. Bacteriophage C0L has a 
Tong tail and electron micrographs (Figure 2) revealed it to be 
much larger than phages of the T_even series. The results of one- 
step growth curve experiments showed that C0L had a burst size of 50 
and a burst time of 4^-0 minutes (Figure 3)* The burst time of C0L 
compares favorably with that reported for T-even phages while the 
burst size is somewhat smaller. The antigenic properties of C0L 
were determined by testing antiserum for its ability to neutralize 
specifically C0L. Antiserum against C0L was shown to have a "K” 
value of 78.
Goldberg (i960) observed that if B. cereus T cells were infected 
with bacteriophage 8 hours after transfer into fresh medium then no 
lysis occurred but rather the phage genome was incorporated into 
spores and mature phage particles were released upon germination. 
Yehle and Doi (1966) using a phage that was virulent for Bacillus 
subtilis found that if bacterial cells were infected 2 to 5 hours
after the process of sporulation had begun then no lysis occurred.
32By pulse labelling of sporulating cells with P at different times
32after infection, they were able to show that the P labelled RNA
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could be hybridized 'with heat denatured phage DNA although lysis 
did not occur. They concluded that at least part of the phage genome 
was transcribed during sporulation but full expression of the genome 
was not seen since this would have resulted in lysis by the phage. 
These findings suggested the possibility that bacterial cells may 
produce a substance prior to sporulation which prevents phage 
development and results in incorporation of the phage genome into 
spores. This phenomenon of phage incorporation into spores was 
observed when B. cereus T cells in the pre-spore stage were infected 
with bacteriophage C0L. It was found that the active portion of the 
pre-spore exrtract was not sedimented when subjected to high speed 
centrifugation (Table 2). The nature of the active component of the 
extract was determined by treatment of the extract in various ways 
(Table ^). It was found that overnight dialysis of the extract 
against 0.01 M phosphate buffer pH 6.8 resulted in no loss of activity 
while heating of the extract at 100 C for 10 minutes destroyed much 
of the inhibitory activity of the extract. It was further observed 
that treatment with proteolytic enzymes such as trypsin, chymotrypsin 
and pronase affected the inhibitory activity of the extract while 
treatment with DNAase and RNAase was ineffective. This evidence of 
susceptibility to hydrolysis by proteolytic enzymes suggested the 
possibility that the inhibitory factor might be protein in nature. 
Centifanto (1966) has reported an antiviral agent from E. coli after 
infection with the temperate phage, \  , which has activity against
the DNA viruses vaccinia and herpes simplex. This material is 
produced by the bacterial host cell in response to infection by
phage and was found to be a protein with poor antigenic properties.
An antiviral agent was purified by Ramanathan et al. (1966). This 
agent which they called propionin was isolated from extracts of 
Propionibacteria. They found that propionin was effective against 
Columbia SK virus and against vaccinia virus in vitro and was 
polypeptide in nature.
Data (Table 3) indicated that the production of this inhibitory 
substance by B. cereus T varied with the physiological age of the 
cells. Optimum inhibition of phage development was achieved when 
pre-spore extracts were prepared from cells which had a physiological 
age of 8 hours. Spectrophotometric analyses showed the relationship 
of inhibition of phage development to the time of addition of the 
pre-spore extract (Table 4). Results indicated that the addition of 
extract during the first 10 minutes after phage infection resulted 
in good inhibition of phage development but later addition gave 
much less inhibition.
Plating experiments (Table 5) showed that when B. cereus T 
cells were infected with bacteriophage C0L with the addition of pre­
spore extracts at different times after infection maximum inhibition 
was attained during the first 10 minutes after infection. The 
inhibitory effect of pre-spore extract of B. cereus T is contrasted 
with that of chloramphenicol (Table 6) which showed inhibition of 
phage development when added 50 minutes after phage infection. Since 
chloramphenicol inhibited development of bacteriophage C0L and because 
this antibiotic is known to inhibit protein synthesis, experiments 
were designed to determine the effect of pre-spore extract, if any,
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on protein synthesis. As indicated in Table 10 the incorporation 
1^
of C -phenylalanine was not affected by pre-spore extracts of 
B. cereus T. This finding indicated that the extract was not 
inhibiting phage development by blocking protein synthesis.
Oleson (1966) isolated an inhibitor from purified extract of 
E. coli B which had an inhibitory effect upon in vitro assay of 
purified RNA polymerase from E. coli. They demonstrated that the 
inhibitory substance was a macromolecule and was protease sensitive.
They were also able to show that the inhibitory material blocked the 
polymerization of all four nucleoside triphosphates primed by native 
DNA. Since actinomycin-D inhibits DNA dependent RNA polymerase, 
experiments were undertaken to compare the action of this antibiotic 
with that of pre-spore extract to inhibit phage development. Results 
(Table 7) showed that actinomycin-D was only effective when added 
during the first JO minutes after phage infection and does not 
stimulate the action of the pre-spore extract. A final comparison 
was made between mitomycin-C which forms complexes with DNA and the 
inhibitory substance obtained from B. cereus T cells. Data obtained 
from this investigation (Table 8) revealed that the action of 
mitomycin-C more closely resembled that of pre-spore extract than 
any other antibiotic tested. The effectiveness of mitomycin-C was 
dependent upon early addition of the antibiotic to the infected cell.
Preliminary evidence that the pre-spore extract of B. cereus T 
might exert an effect on a process involving DNA came with the find­
ing (Figure 5) that the incorporation of labelled thymidine was 
inhibited by the addition of extract to phage infected cells. Since
inhibition of phage development by actinomycin-D and mitomycin-C
is accomplished by action on DNA, experiments were designed to
32
compare inhibition of P incorporation into the TCA precipitable
fraction between pre-spore extract and these antibiotics. Also
32inhibition of incorporation of P into the DNA fraction was compared.
It was found (Table 11) that the addition of pre-spore extract
inhibited incorporation into the TCA precipitable fraction, as well
as, the DNA fraction. This suggested that the extract was exerting
its influence on a process which affected DNA in some manner. It 
32appears that P incorporation into RNA is inhibited but this inhibi­
tion might be due to contaminating materials present in the pre-spore
32
extract besides the active factor. Inhibition of P -phosphate
incorporation by actinomycin-D is seen in Table 12. This antibiotic
32also showed inhibition of P incorporation into the TCA fraction as 
well as into the DNA portion. Finally the effect of mitomycin-C on
op
P incorporation (Table 13) is seen. Findings similar to those of 
pre-spore extracts of B. cereus T and actinomycin-D were obtained.
In summary this investigation indicated that the inhibitory 
factor obtained from pre-spore extracts of B. cereus T was protein 
in nature and probably inhibits development of bacteriophage C0L by 
exerting its activity on some process which is needed for DNA syn­
thesis although the exact mode of action is not yet clearly defined. 
With further purification, in vitro studies might reveal whether or 
not the inhibitor is blocking DNA-dependent DNA synthesis. Also it 
would be of value to test the ability of extracts prepared from
B. cereus T cells to inhibit phage development in other Bacillus 
organisms.
SUMMARY
The bacteriophage C0L is lytic for vegetative cells of B. cereus 
T. This phage has a long tail -which appears to be much larger than 
those of phages -which attack Escherichia coli. It was observed that 
if bacteriophage C0L was added to cells at the time of pre-spore 
formation, no lysis of the culture was obtained but upon germination 
of the spore phage was released. One possible explanation for this 
phenomenon of carrying the phage genome was that the bacterial cell 
produced a substance at the pre-spore stage that was inhibitory to 
phage development. A factor present in pre-spore extracts of 
B. cereus T was shown to have an inhibitory effect on phage develop­
ment. The active principle was found to be susceptible to hydrolysis 
by proteolytic enzymes and sensitive to heat treatment. Treatment 
of the extract from B. cereus T with DNAase or RNAase showed no 
effect and overnight dialysis of the extract produced no detectable 
change in inhibitory activity. When the extract was subjected to 
high speed centrifugation, the active substance was not sedimented 
although the pellet obtained did have some activity.
The potency of the extract in inhibiting phage development was 
shown to be dependent upon the physiological age of the culture from 
which they were prepared. A relationship was also established 
between the time of addition of the extract to phage-infected cells 
and the amount of inhibition obtained. It was found that addition 
of the extract early after phage infection resulted in optimum 
inhibition of phage development.
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A comparison was made between the inhibition of phage develop­
ment by pre-spore extracts of B. cereus T and several antibiotics. 
Findings indicated that the inhibiting activity of mitomycin-C more 
closely resembled the action of the pre-spore extract than did 
chloramphenicol or actinomycin-D. It was found that mitomycin C 
like the pre-spore extract had to be added early after phage infec­
tion in order to be effective.
Further experiments indicated that the pre-spore extract did 
not inhibit phage development by blocking protein synthesis. This 
was evidenced by the fact that the addition of the factor to phage
14-inf ec ted cells did not inhibit the uptake of C -phenylalanine.
Subsequent experiments showed that the pre-spore extract of B. cereus
T cells inhibited the incorporation of labelled thymidine and also
32the incorporation of P -phosphate into phage infected cells. The 
inhibitor obtained from extracts of B. cereus T apparently interferes 
in some manner with the synthesis of nucleic acids and thereby 
suppresses phage development.
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